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Qb replicase, an RNA-dependent RNA polymerase of bacteriophage Qb, uses single-stranded RNA as a
template to synthesize the complementary strand. A single-stranded RNA template may contain rigid
secondary structures, such as long stems, intermolecular double-stranded RNA regions. Presently, the
effect of the size of such double-stranded regions on the replication of RNA by Qb replicase is unknown.
In this study, we prepared RNA templates hybridized with complementary RNA or DNA strands of various
sizes and analyzed their replication by Qb replicase. We found that Qb replicase synthesizes the com-
plementary strand as long as the template RNA is hybridized with no more than 200 nt fragments,
although the replication amounts were decreased. This is important information to evaluate processivity
of Qb replicase.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Qb replicase is an RNA-dependent RNA polymerase of bacte-
riophage Qb. This enzyme is a heterotetramer consisting of a cat-
alytic b-subunit encoded on the phage genome and three host
factors, ribosomal S1 protein, EF-Tu, and EF-Ts [1]. This polymerase
utilizes single-stranded RNA (ssRNA) as a template to synthesize
the complementary strand. Recent structural analyses revealed that
the newly synthesized complementary strand is extruded from the
replicase complex in a single-stranded form [2]. However, the
complementary strand often associates again with the template
RNA to form double-stranded RNA (dsRNA) at a ratio depending on
the template sequence [3,4]. This double-strand formation process
is inhibited by the presence of the S1 subunit [5]. The Qb replicase
cannot use dsRNA as a template [6,7], and thus dsRNA is a dead-end
product for RNA replication by this enzyme.
Although Qb replicase cannot replicate a dsRNA, it can replicate
ssRNA that contains rigid secondary structures such as intra-
molecular partial double-stranded regions. According to a sec-
ondary structure prediction algorithm, all presently known RNA
species that are continuously replicable by the replicase, such as Qbatics Engineering, Graduate
a University, 1-5 Yamadaoka,
Inc. This is an open access article ugenomic RNA [8] and short variants (e.g. MDV-1 [9] and RQ135
[10]), contain rigid secondary structures including stems ranging
from 2 to 60 base pairs (bps) [11]. It is also known that insertion of
long hairpin loops that include 71 bps into a template RNA does not
inhibit replication [4,12]. These results indicate that Qb replicase
possesses sufﬁcient processivity to replicate a template RNA that
contains partial dsRNA regions. Processivity is an important char-
acteristic of polymerase enzymology, and is also necessary for
designing a template RNA ampliﬁable by Qb replicase. However, it
is not known how long the partial dsRNA region can be and still
permit replication.
Most previous studies with Qb replicase used short (100e300
nucleotides (nt)) RNAs. In the current study, we attempted to
investigate the processivity of this enzyme using partial dsRNAs of
a broader size range. For that purpose, we ﬁrst developed a method
to prepare full-length and partial dsRNAs for a longer RNA template
(2041 nt) and then examined the replication.2. Materials and methods
2.1. RNA preparation
The plus strand of the template RNA (ssRNA) was prepared by
in vitro transcription with T7 RNA polymerase (Takara, Japan) after
SmaI digestion using a plasmid (pUCmdv-N96(þ)) that encodes
one of the RNA clones after 128 round of replication in a previousnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Preparation of full-length dsRNA. The plus and/or the minus strands were
mixed and incubated at 70 C for 5 min for hybridization (lanes 4e7). Control exper-
iments without the 70 C incubation were also performed (lanes 1e3). The band
corresponding to dsRNA (DS) in lane 6 was puriﬁed through gel extraction and used as
the full-length dsRNA sample (lane 7). The positions corresponding to ssRNA (SS), DS,
and the wells are indicated by arrowheads.
Fig. 2. Veriﬁcation of full-length dsRNA. Full-length dsRNA (DS) was heated at 95 C
for 5 min (lane 3) or treated with a single strand-speciﬁc RNase (lane 5). As a control,
ssRNA (SS) was also treated with RNase (lane 4). The positions corresponding to SS and
DS are indicated by arrowheads.
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column (Life Technologies, Grand Island, NY, USA). The minus
strand of RNA was prepared by the same method using a plasmid
(pUCmdv-N96()) that encodes the RNA region in the opposite
direction. The other RNAs, complementary to various regions of the
plus strand (Fig. 4A), were ampliﬁed by PCR using the corre-
sponding regions with primers, one of which contained the T7
promoter.
2.2. Preparation of dsRNA and dsRNA/DNA hybrids
To prepare full-length dsRNA, the plus and minus RNA strands
(62.5 nM of each) were mixed in a hybridization buffer (100 mM
HEPES-KOH (pH 7.6), 280 mM potassium glutamate), heated at
75 C for 5 min, then cooled rapidly on ice. dsRNAwas subjected to
1% agarose gel electrophoresis and puriﬁed from the gel using an E-
Gel CloneWell (Life Technologies). The extracted dsRNAwas further
puriﬁed with a PureLink RNA column (Life Technologies). Partial
dsRNA was prepared by the same method except for changing the
concentrations of the minus RNA strand (312.5 nM for #1e3 and
125 nM for #4e6). The partial dsRNAs of #8 fragments were further
puriﬁed through the gel extraction process.
2.3. RNA replication
Template RNA (5 nM) was added to a replication solution that
included puriﬁed Qb replicase (125 nM) [16], [32P]-UTP, and a
reconstituted cell-free translation system containing all substrates
required for replication but omitting all amino acids to inhibit
translation. The solution was incubated at 37 C for 1 h. The syn-
thesized RNA was measured by autoradiography after agarose gel
electrophoresis as described previously [17]. In the current study,
we used a cell-free translation system but conﬁrmed that the re-
sults were similar when using the usual replication buffer (125 mM
TriseHCl (pH 7.8), 5 mM magnesium chloride, 0.01% bovine serum
albumin, 1.25 mM NTPs) (Fig. S1). The composition of the cell-free
translation system was the same as a previous report except for
omitting amino acids [13].
2.4. Dissociation of full-length dsRNA
Full-length dsRNA (10 nM) was dissolved in water, heated at
95 C for 3 min, and then cooled rapidly on ice.
2.5. RNase treatment
RNA samples (5 nM) were dissolved inwater, mixed with 20 ng/
mL RNase A (Life Technologies), and incubated at 25 C for 1 min.
2.6. Agarose gel electrophoresis
To separate ss and dsRNA, agarose gel electrophoresis (Figs. 1, 2
and 4B and C) was performed in cold TBE buffer on ice. RNA was
stained with SYBR green II (Clontech, Mountain View, CA, USA).
3. Results
3.1. Preparation of full-length dsRNA
We ﬁrst attempted to prepare a full-length double strand for an
RNA that was longer than in a previous study [7]. The template RNA
(2041 nt) included recognition sequences for Qb replicase and the
b-subunit [13]. In a previous study, the full-length double strand of
a short RNA (approximately 200 nt) was prepared by heating a
mixture of plus and minus strands [7]. Following this method, weprepared separately the plus and minus strands of our template
RNA by in vitro transcription, and incubated them together in a
hybridization solution at 75 C for 5 min. A slower migrating band
indicative of hybridization appeared only when the sample was
heated in the presence of both strands (Fig. 1, lane 6, DS). A smear
that was not observed in the previous study [7] was visible in a
broad area between thewell position and the band. This smearmay
represent RNA aggregates hybridizing in inappropriate positions
due to the large size of the RNA. To obtain a purer dsRNA, the buffer
composition, heating temperature, and time periods were changed.
However, none of these modiﬁcations affected the smearing. We
then excised the band position after agarose gel electrophoresis
and extracted the dsRNA to obtain a relatively pure dsRNA sample
(Fig. 1, lane 7).
We then examined whether the sample extracted from the gel
was truly dsRNA by measuring its return to ssRNA after heat
denaturation. As expected, heat denaturation of the dsRNA sample
produced a band corresponding to ssRNA (Fig. 2, lane 3). Further-
more, treating the RNA sample with RNase A, an ssRNA speciﬁc
RNase, completely degraded the ssRNA (lane 4), while the dsRNA
was unaffected (lane 5). These results consistently showed that the
Fig. 4. Replication of partial dsRNAs. A. Sizes and position of the hybridization nu-
cleotides (nt). For #1e3, complementary DNAwas used instead of RNA. This resulted in
the formation of partial DNA/RNA hybrids (light gray bars). B. Agarose gel electro-
phoresis of the partial dsRNAs. A single-stranded RNA (SS) is also shown. C. Agarose gel
electrophoresis of partial dsDNA/RNA (#1e3) after reverse transcription. D. Replication
of the partial dsRNAs or dsDNA/RNAs. Data are expressed as means ± standard devi-
ation (n ¼ 3).
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stranded.
3.2. Replication of full-length dsRNA
To examine the replication of full-length dsRNA, the extracted
dsRNA sample, or ssRNA as a control, were incubated with a puri-
ﬁed Qb replicase and substrates including [32P]-UTP for 1 h at 37 C.
The synthesized RNA was measured by autoradiography after gel
electrophoresis. Replication of dsRNA was signiﬁcantly decreased
compared to ssRNA (Fig. 3). This demonstrated that there was
minimal replicationwith the full-length dsRNA, and was consistent
with a previous report using a short RNA [7]. Although dsRNA
replicationwas approximately 10% of ssRNA, this may have resulted
from contamination by a small amount of ssRNA, similar to the
previous study [7].
3.3. Preparation and replication of partial dsRNAs
Partial dsRNAs of different sizes were prepared using comple-
mentary strands of various sizes and the hybridizing positions
shown in Fig. 4A. We prepared three types of 200 nt strands that
hybridized with different regions. For smaller strands (23, 50, and
100 nt), we used complementary DNA fragments instead of RNA
because the preparation of smaller complementary RNAs is difﬁcult
due to the low yield following the puriﬁcation process. Double-
stranded RNA/DNA hybrids (dsDNA/RNA) were obtained by hy-
bridizing with the plus RNA strand using the same method as for
the full-length dsRNA except the gel extraction process for frag-
ments smaller than 1463 nt was not needed because smears were
not observed. We conﬁrmed that the partial dsRNA samples with
200, 675, and 1463 bps (#4e8) exhibited single bands with lower
mobility than the control ssRNA (Fig. 4B). Because mobility shifts
were undetectable for smaller dsRNA/DNA (#1e3), we performed
reverse transcription using the hybridized DNA as primers. The
results showed that the mobility of the partial dsRNA/DNA
decreased compared to the control ssRNA (Fig. 4C). This result
conﬁrmed that the DNA fragments were hybridized with the
template RNA.
RNA replication experiments were performed with these partial
dsRNAs or dsRNA/DNAs. Replication with a 23 nt fragment was
unchanged from the control ssRNA. Replication of the partial dsRNA
or RNA/DNA hybridized with 50e200 nt fragments (#2e6)Fig. 3. Replication of full-length dsRNAs. Replication of ssRNA (SS) or full-length
dsRNA (DS) was measured. Data are expressed as means ± standard deviation (n ¼ 3).decreased to approximately 20e60% of the control (Fig. 4D), but
were still higher than the full-length dsRNA (Fig. 3). Replication of
the dsRNAs hybridized with 674 and 1462 nt fragments (#7 and 8)
was similar to that of full-length dsRNA. The reduction in replica-
tion also depended on the hybridization position as observed in the
three partial dsRNAs hybridized with 200 nt RNAs (#4, 5, and 6).
These results indicated that Qb replicase could synthesize the
complementary strand with partial dsRNA templates hybridized
with not more than 200 nt fragments, although the replication
amount was decreased.
4. Discussion
The results of this study conﬁrmed that replication by Qb
replicase is signiﬁcantly decreased for full-length dsRNA when
using a longer RNA template. This is consistent with a previous
study [7]. We then investigated the effect on replication of using
partial dsRNA regions. These studies found that Qb replicase syn-
thesized the complementary strand when the dsRNA regions were
not longer than 200 nt, although the replication amount was
decreased. This result suggests that the replicase can continue
polymerization by removing hybridized RNAs that do not exceed
200 nt. This is important information to evaluate the processivity of
Qb replicase.
K. Tomita et al. / Biochemical and Biophysical Research Communications 467 (2015) 293e296296The knowledge obtained from this study will be useful to design
RNAs that are replicable by Qb replicase. Qb replicase has a unique
ability to amplify RNA exponentially under isothermic conditions
[14], and is therefore useful for the detection of lowamounts of RNA
[15] or as a component of artiﬁcial cell-like systems [13]. However,
presently, the application of this replicase is limited because of the
lack of knowledge regarding the principles of designing a replicable
RNA. For example, we found that a replicable template RNA should
contain hairpin loops with less C or G nt in the loop regions [4],
although the maximum size limit of the stem structure in the
hairpin loops was unknown. In the current study, we obtained
evidence that Qb replicase can function with template RNA that
contains no more than 200 nt dsRNA regions. Although these re-
sults were derived from partial dsRNA, they suggest that this
replicase can also use template RNA containing stem structures of
up to 200 nt. Overall, the results obtained in this study provide
basic knowledge important for designing an RNA replicable by Qb
replicase. However, conﬁrmation that stem structures of different
sizes can be used by Qb replicase remains to be done.Acknowledgments
This work was supported by JSPS KAKENHI Grant Numbers,
15H04407, 15H01534, and 15KT0080.Appendix A. Supplementary data
Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.bbrc.2015.09.169.Transparency document
Transparency document related to this article can be found
online at http://dx.doi.org/10.1016/j.bbrc.2015.09.169.References
[1] T. Blumenthal, G.G. Carmichael, RNA replication: function and structure of
Qbeta-replicase, Annu. Rev. Biochem. 48 (1979) 525e548.
[2] D. Takeshita, K. Tomita, Molecular basis for RNA polymerization by Qbeta
replicase, Nat. Struct. Mol. Biol. 19 (2012) 229e237.
[3] K. Usui, N. Ichihashi, Y. Kazuta, T. Matsuura, T. Yomo, Kinetic model of double-
stranded RNA formation during long RNA replication by Qbeta replicase, FEBS
Lett. 587 (2013) 2565e2571.
[4] K. Usui, N. Ichihashi, T. Yomo, A design principle for a single-stranded RNA
genome that replicates with less double-strand formation, Nucleic Acids Res.
(2015) in press.
[5] N.N. Vasilyev, Z.S. Kutlubaeva, V.I. Ugarov, H.V. Chetverina, A.B. Chetverin,
Ribosomal protein S1 functions as a termination factor in RNA synthesis by
Qbeta phage replicase, Nat. Commun. 4 (2013) 1781.
[6] T. Nishihara, D.R. Mills, F.R. Kramer, Localization of the Q beta replicase
recognition site in MDV-1 RNA, J. Biochem. (Tokyo) 93 (1983) 669e674.
[7] C.K. Biebricher, S. Diekmann, R. Luce, Structural analysis of self-replicating
RNA synthesized by Qbeta replicase, J. Mol. Biol. 154 (1982) 629e648.
[8] I. Haruna, S. Spiegelman, Autocatalytic synthesis of a viral RNA in vitro, Sci-
ence 150 (1965) 884e886.
[9] D.R. Mills, F.R. Kramer, C. Dobkin, T. Nishihara, S. Speigelman, Nucleotide
sequence of microvariant RNA: another small replicating molecule, Proc. Natl.
Acad. Sci. U. S. A. 72 (1975) 4252e4256.
[10] A.V. Munishkin, L.A. Voronin, V.I. Ugarov, L.A. Bondareva, H.V. Chetverina,
A.B. Chetverin, Efﬁcient templates for Q beta replicase are formed by
recombination from heterologous sequences, J. Mol. Biol. 221 (1991)
463e472.
[11] A.R. Gruber, R. Lorenz, S.H. Bernhart, R. Neubock, I.L. Hofacker, The Vienna
RNA websuite, Nucleic Acids Res. 36 (2008) W70eW74.
[12] V.D. Axelrod, E. Brown, C. Priano, D.R. Mills, Coliphage Q beta RNA replication:
RNA catalytic for single-strand release, Virology 184 (1991) 595e608.
[13] N. Ichihashi, K. Usui, Y. Kazuta, T. Sunami, T. Matsuura, T. Yomo, Darwinian
evolution in a translation-coupled RNA replication system within a cell-like
compartment, Nat. Commun. 4 (2013) 2494.
[14] A.V. Munishkin, L.A. Voronin, A.B. Chetverin, An in vivo recombinant RNA
capable of autocatalytic synthesis by Q beta replicase, Nature 333 (1988)
473e475.
[15] G. Feix, Primer-dependent copying of rabbit globin mRNA with Qbeta repli-
case, Nature 259 (1976) 593e594.
[16] N. Ichihashi, T. Matsuura, K. Hosoda, T. Yomo, Identiﬁcation of two forms of Q
{beta} replicase with different thermal stabilities but identical RNA replication
activity, J. Biol. Chem. 285 (2010) 37210e37217.
[17] Y. Bansho, N. Ichihashi, Y. Kazuta, T. Matsuura, H. Suzuki, T. Yomo, Importance
of parasite RNA species repression for prolonged translation-coupled RNA
self-replication, Chem. Biol. 19 (2012) 478e487.
